Periodic and Guiding
Structures at Microwave Frequencies* A. F. HARVEYS ummary-The paper reviews the properties of periodic and guiding structures which now play an important part in the operation of components, antennas, electron tubes and low-noise amplifiers. An account is first given of dispersive propagation in periodic-loaded lines, showing how the frequency characteristic breaks into pass and stop bands. The formation of forward-and backward-space harmonics and the effect of systematic modidcation of loading are examined. A description is then given of the various types of surfacewave structures including dielectric rods, dielectric-clad metals, and corrugated surfaces, as well as surface wave instruments and circuits. Practical slow-wave structures such as ladder lines, coupled cavities and helices are finally treated. The survey concludes with a bibliography. 2. It will be seen that as u is increased from zero to about two-thirds of me/P the value of B increases from zero to T/@. At this higher frequency, reflections set up at the inductors add in phase, resulting in a standing wave on the line with current antinodes at the inductors. For L%EPIW5 !--J''m."d"d A second pass band begins.
LIST OF PRINCIPAL SYMBOLS (RATIONALIZED MKS UNITS
when the phase change across each portion of the line (not including the inductor) becomes~; i.e., when w becomes Tc/P. At this frequency there is no phase change across the inductor, a standing wave being produced with nodes at the inductor. With further increase in frequency, the phase constant increases until the phase change across each section of the line becomes 27r when a further stop band occurs. The widths of successive stop bands increase with frequency since they are dependent on the reactance COLof the inductor, It will be seen that the phase velocity given by ti/fl is less than c, except in the special case of standing waves with current nodes at the inductors when, as may be expected, it is equal to c. For a line loaded with series capacitances C,
and the resulting (2) with (1/co C) =3Z0 is plotted in Fig. 3 . Once again a series of stop and pass bands is obtained but in this case the widths of the stop bands decrease with increasing frequency. The phase change ZI = jZOI tan (27d/A).
across the capacitor is such that the phase velocity is The equation of the dispersion curves then becomes greater than c, except when a standing wave with nodes at the capacitors occurs when it is equal to c. 
with those for shunt inductance loading while, by the A, h h principle of duality, the curves for shunt capacitance are identical with those already shown for series inwhich is plotted in Fig. 4 curs when the effective length of the stub is *X and the attenuation in the guide is then infinite. From the cutoff frequency to the frequency at which the stub length is $A, the phase change along one section of the guide remains at the value~.
. 
-fl -3Jn -~-- 
where (47r#/&J is the phase change across one compIete section of the line (including a long and a short stub). The frequen~i~s at cutoff for @= O and @= x/P are given by Cos (47rp/Ag) = 1.
For ZOI = 22., (13) then gives mm =- 
and, for 2.1 = 22., (13) gives
These values of w correspond to the occurrence of nodes at the long and short resonators, respectively. If the stubs are all of length 1, the frequency for~=7r/2P is given from (7) by
Comparison of (20) with (18) and (19) shows that cutoff values of~at~= m/2p for the double-stub structure n n n n n rlrl n n n n n m The useful properties of this structure occur when the ratio 11/1, is not too great, for instance, between 1 and 2.
The frequency characteristic may then belong to two classes. In the first class shown in Fig. 6(a) , the resonances of the stubs occur at a higher frequency than the two standing waves at B and C when @= n-/2P. Theref~re, in passing from one branch to the other, the loading remains inductive and there is no change in the phase coefficient at d = 7r/2P. As ZO1 is reduced from the value 220, the initial portion of the characteristic for all stub lengths tends to follow the v.= c line more closely and vice versa if ZO1 is increased; the cutoff frequencies are also modified.
From analogy with the characteristics of crystal lattices containing diatomic molecules, the lower curve is sometimes termed the acoustical branch and, ,as shown in Fig. 6(b) , the phase of the oscillations in the resonators differs by less than~r and tends to zero when 6 approaches zero. The upper curve is termed the optical branch and the phase of the neighboring resonators differs by more than~~and approaches r as 6 approaches x/@.
In the second class illustrated by Fig. 7, (a) 
In the externaI air medium the fields for y z 1 are similarly given by llx. = .4 e-u.~, 
In the case of a good conductor, the surface impedance has nearly equal real and imaginary parts and is given by Z~= R~+ jX~== (1 + j)(tipo/2u~)'12.
The total surface resistance in the case of loss in the dielectric is given by R, = R~+ Ra = R. + (6wt/@Zw) tan 8.
This resistance therefore depends upon the conductivity of the metal if the dielectric is loss free. The surface reactance X. is made up of one component arising from the metal and another, Xd = w.hl(cd -1)/6d,
for which the layer of solid dielectric is responsible.
These two components are of the same order of magnitude when the thickness of the dielectric i!> about equal to the skin depth a. of the metal. If 1 is assumed to be small so that tanh udl~udl and zldl<<l, (33) gives U. = aa -jba = j@.Z,/Zw.
In general, the higher= the surface reacti~nce and the higher the frequency, the greater the decay factor aa so 
'm= A(um;@em6)'"mvHo(2''-~y" '44)
with (24) and (25) as previously.
In the external air medium,
with (29) and (30) as previously.
By comparing (21)- (23) and (42)- (44) or (26)- (28) and (45)- (47), it will be seen that the radial form of the Ez~= AJO(jzt~r) ,
with (24) and (25) for the flat surface. In the external air medium,
with (29) and (30) tance from the wire to being capacitive near the wire.
In fact: a bare copper wire which has a very small induc- 
and ( 
Matching this to the uniform surface impedance given by Ea./H.. gives
This relation shows that propagation is possible in certain bands where u. is positive, whereas, for other regions, U. is negative and waves cannot be propagated.
In the first pass band as 1 increases from O to $A, the surface impedance is inductive and increases from zero to infinity.
Moreover, the phase velocity varies from c to zero while the field intensity as a function of distance from the surface changes from a small to a large exponential decrease, Such results have been confirmed [213 ] by experiments on flat corrugated surfaces.
In the case of the corrugated cylinder in Fig. 12 (b) the surface-wave field has components given by
with (59) z.=g=-
The TEM wave impedance presented by the individual stub elements is given by [140] 
Here, again, a first-order approximation for the surface impedance includes a factor (b/p), but a more accurate empirical result, It will be observed that as the cylinder radius is decreased, a thicker dielectric film is required to maintain the same degree of trapping of the wave. However, for radii greater than a few wavelengths, the required film thickness is a slowly changing function of radius which smoothly approaches the plane value. An analysis for TE waves yields the full lines of Fig The curves plotted again show that for radii of curvature exceeding several wavelengths, the value of X/AQ is almost independent of radius but depends chiefly on the corrugation geometry. Fig. 18(a) , this means that the angle of incidence must be greater than the critical angle sin-]@12; that is, AfAg = dlz sin 6.
The reflection coefficient for the transverse field component which is parallel to the interface is for the E. 
The reflection coefficients always have a magnitude of unity and thus transverse standing waves are set up in the dielectric which are cosinusoidal for odd-numbered modes and sinusoidal for even-numbered modes. The electrical length @ of the standing wave from the midplane to the boundary for both TEo~and TM on modes is given by '$ = COS-ll (1 + P)/2 I + (~-1)7/2.
If~, is the transverse wavelength, Fig. 18(a) gives
and, therefore, Combination of (76) and (77) 
where Outside the rod, with r> Yl, E,. = C cos n9H.tlJ(juar),
Hz. = D sin n8Hmf1j(ju.r),
with (30) 
A further relation between ud and u. is obtained from the boundary conditions and thus enables these quantities to be obtained for given values of u, n, and e.
For n = O, the fields as shown in Fig. 19(a) The guide wavelength is given as a function of rod radius in Fig. 19(b) for the n = O and n = 1 modes, the free-space wavelength being 1.25 cm and c = 2.56 for polystyrene. The attenuation coefficient is given in decibels per meter by
where F is a dimensionless quantity plotted in Fig.  19(c Fig. 19(a) , the dipole mode in which a conducting sheet is placed in the plane of symmetry and normal to the electric field, Thus half the rod and the space surrounding it are replaced by an image in the conductor.
The polarization of such a line is uniquely determined while the phase-change coefficients are identical to those of the complete rod. The extent of the RF fields is determined by the ratio of rod radius to wavelength; if for example, this is 0.142, then 80 per cent of the power flows in a region of radius ten times that of the rod. For i = 1.25 cm, a typical line in polystyrene would have a radius of 2 mm, the total width of the image plane being 10 cm. The loss in the dielectric material is given by (86) but is supplemented by losses caused by radiation and the finite conductivity of the Image plane. In the absence of artificial boundaries to the field, the radial component of the Poynting vector is purely imaginary and the radiation is zero. Loss caused by radiation does, however, occur in the presence of bends, obstacles and a finite image surface. The attenuation coefficient caused by conductor loss is given in decibels per meter by a. = 69.5 R. F1/hZa,
where F' is a factor which must be calculated [149] Fig. 21(c) 
If the electric field in the structure is of importance, then a practical parameter is the coupling impedance
If the modulus of the magnetic field is effective, the performance is specified by the admittance
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The characteristic impedance of a single conductor in the array may be defined by Zo(pp + 27'z7r) = T"7JIm,
where n is caused by the periodicity of the structure. duced by distorting the structure to the ridge shapes (iii) and (iv) of Fig. 22(a) which, in effect, reduces the cutoff frequency of the guides formed on either side of the ladder, The dispersion curves therefore have the forms labelled (iii) and (iv) in Fig. 22(b) and the structure now propagates energy. The frequency corresponding to any value of@ can be increased by adopting the tee-shaped structures (v) and (vi) of Fig. 22(a) , the corresponding dispersion curves being given in Fig.  22(b) Fig. 25(b) , indicates that-the fundamental is again a forward wave. For reference, the cutoff frequency of the TMo1 mode in the unloaded ,guide is also given. The characteristics are modified [194] when the loop circuits are themselves resonant. The parameters of the coupling system were then determined by the well-known nodal shift method.
The frequency characteristic of a periodic guide may be determined from probe measurements when the far end is short circuited. Care must be taken in the location of the probe since it detects the total electric field of all the space harmonics whereas generally a determination of the wavelength of the fundamental space harmonic is all that is required. Another method makes use of the fact that the phase of the field inside the stub uniquely determines the fundamental wavelength in the line. Thus by measurement of the amplitudes of the fields at the back of each stub and plotting on a graph, the wavelength may be obtained. Greater accuracy was obtained [135 ] in measurements at 50 kmc by using a sliding base plate to carry the probe, the output of which was fed into a bridge comparison circuit.
One satisfactory method is to short circuit the transmission system at both ends and to search for the resonant frequencies of this structure. It is necessary that the short-circuiting plungers be at planes of symmetry of the system so that all space harmonics have zeros in the standing-wave pattern at the plungers. If this is not done, reactance, caused by other modes being excited at the ends of the structure, would resu [t in the resonant quires, however, the use of the n = +1 space harmonic frequencies being dependent to some extent on the IRE TRANSACTION'JS ON MICROWAVE THEORY AND TECHNIQUES January length of guide chosen. The condition for resonance is that there must be an integral number of half-wavelengths in the length of the guide so that for a structure of N resonators, ff is given by
The resonant frequencies of the author's structure consisting of N= 6 resonators are shown in Fig. 26 ; the relevant dimensions are given in the inset. It is seen that the modes form a group of N+ 1 frequencies in a restricted pass band where the modes are clustered in the neighbourhood of the two edges of the pass band and more widely spaced between. The edges of the pass band are the zero and T modes at which the phase changes from one section to the next are BP= O and r, respectively. The group velocity may be found from the slope of the curve and therefore by using a measured value of unloaded Q factor, the attenuation is calculated from (8). A periodic waveguide may also be made resonant by bending it around in a circle so that the input connects to the output. In this case there must be an integral number of whole wavelengths in the length of guide and, once again, the continuous curves break up into a series of discrete points or modes. In both these in the inset of Fig. 26 , a perturbing object such as a small dielectric or metal sphere is moved along a predeterm~.ned line as, for example, the direction of propagation. Observations are made on the changes in resonant wavelength for which Slater [233] gives the relation dh .
---1 - Fig. 27(a 
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The periodicity means that the wave function is characterized by a phase-change coefficient given by (1). Each angular mode of the helix now contains a complete set of space harmonics and, because of the close connection between translation and rotation in helical structures, the conditions for propagation require m = n.
The exponential field relation then becomes
On applying the appropriate boundary conditions, analytical and graphical procedures give the results shown in Fig. 27(b) In the out-of-phase case, the even space harmonics are zero. In either condition, the power carried by some of the unwanted components can be eliminated and a higher impedance for the desired modes is realized.
The bifilar helix has received special study [280 ] regarding backward-wave per performance;
in the push-pull mode it has substantially higher impedance
[ 253] than the single helix. As the pitch and diameter of a single helix are increased, the impedance of the fundamental is reduced
[252], [253] while that of then= -1 space harmonic is increased, Such an effect is undesirable in practice and may be eliminated by the contra-wound helix [46] which, as shown in Fig. 28(a) , consists of two helices wound in opposite directions. An alternative version shown in Fig. 28(b 
where Pm,n' = 80,0 + 27r(M + 27''z')/p (116) and is similar, if n' is omitted, to the single helix set of space harmonics. In Fig. 28(c) , w is plotted against 6 for two examples of twin helices with 27rbI/@ == 1, and cot h = 5 and 10, respectively. The forbidden regions are the same as for the single helix, and the solution for cot h = 5 has two branches, whereas that for cot+, = '10 has five, only three of which are shown. Measurements
[25] on contra-wound helices show typically that there is an increase by a factor of 2 in the fundamental impedance and a reduction by a factor of 20 in the n = -1 space harmonic, as compared with the single helix. IEE, vol. 191, pt. IV, p. 225 ; 1954. [65]
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